We compared heat shock proteins (HSPs) and cold shock proteins (CSPs) produced by different species of Rhizobium having different growth temperature ranges. Several HSPs and CSPs were induced when cells of three arctic (psychrotrophic) and three temperate (mesophilic) strains of rhizobia were shifted from their optimal growth temperatures (arctic, 25'C; temperate, 30°C) to shock temperatures outside their growth temperature ranges. At heat shock temperatures, three major HSPs of high molecular weight (106,900, 83,100, and 59,500) were present in all strains for all shock treatments (29, 32, 36.4, 38.4, 40.7, 41.4, and 46.4°C), with the exception of temperate strains exposed to 46.4°C, in which no protein synthesis was detected. Cell survival of arctic and temperate strains decreased markedly with the increase of shock temperature and was only 1% at 46.4'C. Under cold shock conditions, five proteins (52.0, 38.0, 23.4, 22.7, and 11.1 kDa) were always present for all treatments (-2, -5, and -10°C) in arctic strains. Among temperate strains, five CSPs (56.1, 37.1, 34.4, 17.3, and 11 .1 kDa) were present at temperatures down to 0°C. The 34.4-and the 11.1-kDa components were present in all temperate strains at -5°C and in one strain at -10°C. Survival of all strains decreased with cold shock temperatures but was always higher than 50%o. These results show that rhizobia can synthesize proteins at temperatures not permissive for growth. In all shock treatments, no correspondence between the number of HSPs or CSPs produced and rhizobial survival was found. In conclusion, cold-adapted arctic rhizobia synthesized HSPs at temperatures higher (46.4 versus 41.4°C) than temperate rhizobia and produced more CSPs under freezing conditions (-10°C). However, their cold adaptation does not seem to provide them with better survival at freezing temperatures.
Temperature is one of the most important factors affecting any organism (9) . When cells are exposed to high temperatures or any other environmental perturbations such as UV irradiation, nalidixic acid (17) , or ethanol (23), a group of proteins called heat shock proteins (HSPs) are rapidly synthesized (25, 36) . These HSPs have been encountered in a wide variety of species from bacteria to humans (extensive reviews are in references 19, 24, and 33), but their physiological significance remains to be elucidated. However, they may have a role in cellular homeostasis, since their synthesis has been correlated with the acquisition of thermotolerance and ethanol tolerance in bacteria (23) .
In response to shocks at low temperatures, bacteria show a specific cold response. For instance, 13 polypeptides were synthesized in Escherichia coli after a shift from 37 to 10°C (11) . More recently, a major cold shock protein (CSP), CS7.4, was reported to be rapidly induced upon a shift from 37 to 10 or 15°C. This peptide may act as an antifreeze protein (6) . The CSPs also seemed involved in transcription and translation, and it has been suggested that the cold shock response may be adaptive for the growth of cells (11) . In fact, the minimum growth temperatures of microorganisms are determined by many factors, among which protein synthesis is very important (10) . It has been reported that the protein-synthesizing system of psychrophilic bacteria is more active at low temperatures than that of mesophilic bacteria, whose decrease in viability coincides with a decrease in the level of protein synthesis (30, 31) .
There is no report on the differences in heat and cold shock responses that may exist between psychrotrophic and mesophilic bacteria. In previous papers (27) (28) (29) , we reported that rhizobia isolated from arctic legumes (Astragalus and Oxytropis spp.) are of considerable interest because of their potential to improve symbiotic nitrogen fixation of legumes cultivated in temperate climates, where low temperature limits the efficiency of the symbiosis (5, 8) . In fact, arctic rhizobia showed an adaptation to low temperatures for their growth in culture media, their competitiveness in forming nodules, and their nitrogenase activity in symbiosis with the temperate forage legume sainfoin (Onobrychis viciifolia).
In order to understand the factors related to temperature adaptation, we undertook a study of protein synthesis in rhizobial strains having different thermoadaptation levels. We report here on a comparison of the HSP and CSP responses of three arctic (psychrotrophic) and three temperate (mesophilic) strains of rhizobia exposed to temperatures outside their growth temperature ranges.
MATERUILS AND METHODS
Bacteria and culture conditions. The three arctic rhizobia used in this study were isolated from the arctic legumes Astragalus alpinus (N31 and N44) and Oxytropis maydelliana (N40): each strain can nodulate both arctic legumes and the temperate legume 0. viciifolia (28) . For purposes of comparison, three temperate strains were selected: Rhizobium sp. (0. viciifolia) strain SM2 (27) meliloti A2 showed seven specific bands, strain 118H1 from 0. nparia showed six specific bands, and strain SM2 from 0. viciifolia only one specific band.
In addition, no differences in total stained protein patterns between optimal and shock temperatures were observed for any strain (results not shown).
HSPs. All arctic strains of rhizobia showed a similar response to all temperature shifts over their maximal growth temperature by synthesizing in common a basic set of three HSPs (106.9, 83.1, and 59.5 kDa) in closely similar proportions (Table 2 ; Fig. 2A ). At 29 and 32°C (2°C over the maximal growth temperature), only this set of three proteins was present. Additional proteins (one to four, depending on the strain) were observed at higher temperatures. Two of these proteins were strain specific, as was shown by the absence of the 18.3-kDa component in strain N40 and the absence of the 17.6-kDa component in strain N31. In all strains, the relative abundance of the major component (59.5 kDa) decreased (from =80% to 14%) with increased shock temperatures ( Table 2) .
Although arctic strains produced HSPs at all shock temperatures studied, temperate strains had a more restricted response, because no protein synthesis was detected at 46.4°C and there was no increase in the number of protein bands with shock temperatures (Table 3 ; Fig. 2A ). However, temperate strains also produced, in similar proportions, the basic set of HSPs (106.9, 83.1, and 59.5 kDa), which was present in arctic strains. Furthermore, a specific HSP (51.9 kDa) was synthesized by strain A2 in proportions similar to those of the 59.5-kDa component. The patterns of protein synthesis were similar between strains SM2 and 118H1 because, in addition to the basic set, three proteins (32.3, 20.0, and 18.0 kDa) were present at 38.4°C. The 18.0-kDa protein represented nearly 30% of all proteins synthesized by both strains at 41.4°C. As was found with arctic strains, the major HSP in all temperate strains was the 59.5-kDa component, and its abundance decreased with increased shock temperatures in strains SM2 and 118H1.
Cell survival decreased with shock temperature for both types of rhizobia (Tables 2 and 3 CSPs. The arctic strains N31, N40, and N44 responded to the cold shock treatments by synthesizing proteins at temperatures as low as -10°C (Table 4 ; Fig. 2B ). In general, few proteins were strain specific (e.g., four minor bands in N31), thus revealing a high level of similarity. The maximal num- (Table 5 ; Fig.  2B ). Strains SM2 and 118H1 responded similarly, showing 9 corresponding bands, which were absent in strain A2, while strain A2 showed a more distinctive pattern with 10 specific bands. For all strains, the number of bands decreased sharply with low temperature shocks. In fact, at -10°C, the number of components was reduced to 1 to 4 bands of very low intensity compared with 18 to 22 bands observed at the highest temperatures of cold shock. At -5 and -10°C, no proteins with molecular weights higher than 39,700 were observed, with the exception of a 56.1-kDa component in 118H1. The 56.1-, 37.1-, 34.4-, and 11.1-kDa components were common to all strains at temperatures down to 0°C and the relative abundance of each was close to 5%. Interestingly, as for arctic strains, the very abundant 11.1-kDa constituent (17 to 57%) was always present at temperatures down to -5°C.
After a 3-h shock period, survival of cells decreased slightly with lowering of the temperature (Tables 4 and 5 ). In fact, even at -10°C, survival of rhizobial cells was always greater than 55% for all strains. Even though the survival of temperate strains was slightly superior to that of arctic strains, the number of CSPs was similar for both types from 2°C below their minimal growth temperatures to -5°C. However, at -10°C, the number of bands and their intensity were largely superior in arctic strains (6 to 10 bands) than in temperate strains (1 to 4 bands), even though temperate strains showed 10% higher survival.
We estimated relative levels of protein synthesis by com- (6, 11, 22, 33) and, in a few cases, as with E. coli (23), at higher temperatures.
HSPs and CSPs synthesized by arctic and temperate strains were less numerous than protein bands obtained at optimal temperatures. Also, as observed with the protein patterns at optimal growth temperatures, HSP and CSP patterns among arctic strains were more uniform than those of temperate strains, in which specific HSPs and CSPs were more numerous, particularly in R. meliloti A2. These differences between the two groups of rhizobia may be due to the fact that arctic rhizobia, isolated from Astragalus and Oxytropis species, constitute a specific group since they are closely related to each other on the basis of DNA homology and show little relatedness to known species of Rhizobium or Bradyrhizobium (3, 28) . The temperate strains used in our study belong to different species of the genus Rhizobium, and the differences observed between R. meliloti and the two other rhizobial species (those isolated from Onobrychis and Oxytropis spp.) may be due to their distinct taxonomic position (12) .
In spite of their different characteristics (taxonomy and growth temperature range), arctic and temperate strains of rhizobia have shown some similarities in their HSPs and CSPs. Indeed, when HSPs were synthesized, three major proteins with high molecular weights (106,900, 83,100, and 59,500) were always present in both types of rhizobia, the 59.5-kDa protein being the most abundant. These results are consistent with the observations of McCallum et al. (22) , for which the synthesis of HSPs consisted of a core group included in all shock treatments. Furthermore, they observed additional shock proteins whose synthesis was dependent on the severity of the thermal shock. In our experiments, however, the appearance of additional protein bands was not related to the severity of the treatment (increasing shock temperature). Except at 46.4°C, the numbers of HSPs were similar between arctic (psychrotrophic) and temperate (mesophilic) strains. However, differences between strains with different thermoadaptation levels were reported at temperature shocks from 0°C to 32°C, at which 19 HSPs were induced in the arctic psychrophile Res-10, whereas 25 APPL. ENVIRON. MICROBIOL. HSPs were synthesized in the psychrotroph Bacillus psychrophilus (22) .
The number of HSPs found in all rhizobial strains under the different shock temperatures was not related to their survival, even though there is evidence that heat shock response confers thermal resistance in E. coli cells (38) . Although the survival was less than 1% at 46.4°C, only arctic rhizobia maintained protein synthesis under this treatment, which for arctic strains represents 21.4°C over the maximum growth temperature in comparison with 16.4°C for temperate strains. However, we did not determine whether protein synthesis was performed by all cells at the beginning of the treatment or by surviving cells throughout the shock. Usually, the thermostability of proteins in bacteria increases with the optimum growth temperature of the species (16 (26) . The major CSP produced by E. coli was also reported to have a low molecular weight (7,400) (6, 11).
The different thermoadaptation levels of arctic and temperate strains were not strongly reflected in their cold responses because they produced similar numbers of CSPs at temperatures representing the same range from the optimal temperature to the shock temperature. For instance, at 35°C below the optimal growth temperature (-5°C for temperate strains and -10°C for arctic strains), the number of CSPs was 8 to 11 for temperate strains and 6 to 14 for arctic strains. It has been shown with the psychrotrophic yeast Trichosporon pullulans that a reduced range of cold shock temperatures (15 to 5°C, compared with 24 to 5°C) induced a minimal number of proteins (13) . Conversely, in our experiments, arctic and temperate strains gave a maximal response with the minimal cold shock temperature range (27°C). At the very low shock temperature of -10°C, arctic strains responded better than temperate strains, by synthesizing more proteins. The incorporation activities of amino acids have been reported to be higher in psychrophiles and in psychrotrophs than in mesophiles (32) . More detailed studies on the rate of protein synthesis would be necessary to evaluate differences between arctic and temperate strains.
For all cold shock treatments, arctic rhizobia had a survival rate slightly lower than that of temperate strains, indicating that their cold adaptation for growth does not confer on them a better survival rate under freezing conditions. Freezing temperatures affect the viability of bacterial cells by causing injuries to the cell membrane (7) . Cold adaptation for cell growth may be related to an increase in the degree of insaturation of membrane lipids (14, 21) , as has been shown with the enhancement of the chilling tolerance of a cyanobacterium by the transfer of a gene controlling fatty acid desaturation (35) and by the role of a cold resistance gene as found with E. coli (15) .
Differences between the two groups of rhizobia, reflected by the production of HSPs at 46.4°C and by more CSPs at -10°C in arctic strains, may be related more to their ecological origin than to their taxonomic position. In spite of the fact that the temperate strain 118H1 and the arctic strain N40 were isolated from the same legume genus (Oxytropis), strain 118H1 has a minimal growth temperature and a shock temperature response comparable to those observed with the two other temperate strains, which belong to different species of Rhizobium. Thus, arctic strains, isolated from harsh environmental conditions (the Canadian high arctic) and showing a lower minimal growth temperature than temperate strains (0°C compared with 4 to 7°C), may have developed a proteinsynthesizing system adapted to different stresses.
In our experiments, proteins similar in size to HSPs and CSPs were observed in cells grown at optimal temperatures. Since it has been reported that the number of HSPs may differ according to the method used for electrophoresis (23, 37) , extensive use of two-dimensional gel electrophoresis could bring a better perspective to the real number of HSPs and CSPs synthesized under various conditions and help to determine which of these proteins are induced only under shock conditions. Further studies will be necessary to identify the contribution of these proteins to the establishment of thermoadaptation.
